Abstract-A multilevel soft frequency reuse (ML-SFR) scheme and a resource allocation methodology are proposed for wireless communication systems. In the proposed ML-SFR scheme, there are 2N power density limit levels, achieving a better interference pattern and further improving the cell edge and the overall data rate compared with the traditional two-level SFR scheme. The detailed design of an eight-level SFR scheme is demonstrated. Numerical results show that the cell-edge spectrum efficiency is increased to five times of that of reuse 1, and the overall spectrum efficiency is improved by 31%. The ML-SFR can be utilized in the current 4G system and would be a candidate key technology for future 5G systems. Index Terms-Multi-level soft frequency reuse, inter cell interference coordination, interference pattern, LTE, 5G.
I. INTRODUCTION

S
OFT FREQUENCY REUSE (SFR) [1] , [2] has become one of most important enablers for wireless systems, especially orthogonal frequency division multiplexing (OFDM) based ones, to achieve high data-rate communications. It has been extensively explored under the subject of inter cell interference coordination (ICIC) in 3GPP LTE [3] . It is also adopted by the Wimax standard, however given another name fractional frequency reuse [4] , a term originally meaning a specific configuration of directional antennas [5] , and later used by [6] to represent reuse partitioning [7] .
In SFR, a power density upper limit (PDL) curve is defined for each cell. The actual power density of the transmitted signal should be lower than the PDL. As shown in Fig. 1(a) , the whole bandwidth is divided into three parts, B1 B2 and B3. In each cell, one part, called primary band, is configured to have a higher PDL than the other two, called secondary bands. The primary bands of adjacent cells are orthogonal to each other. Usually, the coverage of a band may be defined as the area in which the power density of the received signal is above a certain threshold. If the coverage of the primary band is defined as the whole cell, then the coverage of the secondary band is an inner part of the cell due to the reduced PDL, as illustrated in Fig. 1(b) , where the band indices are placed at the positions right within their coverage. SFR can be straightforwardly extended to the time domain to make a soft time reuse scheme [8] , or enhanced ICIC (eICIC) in 3GPP [9] . SFR defines a network-level framework for resource allocation in each cell. Due to the constraints of SFR, a cell edge user equipment (UE) can only be allocated resources in the primary band while a cell center UE can access the whole bandwidth. Because the primary bands of adjacent cells are orthogonal to each other, severe interference is avoided at cell edge, improving the cell edge data rate compared to the reuse 1 systems [1] , [2] . An important parameter for SFR is the ratio γ expressed by γ = PDL of secondary band PDL of primary band .
It has been pointed out in [2] that when γ increases, the cell edge capacity decreases and the cell center capacity increases, and vise versa. It is clear that when all the traffic happens at the cell edge/center, γ should be 0/1. However, when the traffic is uniformly distributed, the optimal value for γ is still an open problem. Another question is, since the widely accepted two-PDL-level SFR (SFR-2) scheme can improve the cell edge data rate, could more PDL levels help to further improve the performances? Even there are some tentative moves in [10] and [11] , no substantial progress has been made on this topic. In this letter, a multi-level soft frequency reuse (ML-SFR) technique is proposed, in which the whole frequency band is divided into several parts. On each part, a SFR-2 scheme with its specific γ value is employed, based on the discovery that the optimal γ value is closely related to UE position. A resource allocation methodology based on ML-SFR is proposed. ML-SFR and the proposed resource allocation methodology further optimize the interference pattern and improve the cell-edge and overall data rate, compared to SFR-2.
The rest of this letter is organized as follows. Section II gives the problem formulation. A ML-SFR scheme and a resource allocation methodology are proposed in Sections III and IV, respectively. Section V demonstrates the detailed design of an 8-level SFR (SFR-8) scheme and numerical results. Section VI concludes this letter.
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II. PROBLEM FORMULATION
Let us have a look at an interference pattern of the SFR-2 scheme, illustrated in Fig. 1(b) . There are two UEs in the cell edge area of Cell 1, denoted as T11 and T12, communicating with their base station using frequency f 1 and f 2 in the primary band, either in downlink or uplink. There are two UEs in the cell center area of Cell 2, denoted as T21 and T22, communicating with their base station also on frequency f 1 and f 2 . According to the SFR definition, f 1 and f 2 should be in the secondary band of Cell 2. So, the interference pattern is, T11 interferes with T21 and T12 interferes with T22.
In the given example, T12 and T22 are more far away from their base station than T11 and T21, respectively, so requiring bigger transmit power. In such a case, switching the communication resources for T21 and T22 will make a better interference pattern. Since T12 is more vulnerable than T11, it is appropriate to pair it with T21, which has smaller interfering power than T22. With such a pattern, the UE at the most cell edge can achieve higher data rate at the cost of lower data rate of the UE at the most cell center. This is desirable for operators since user complains can be effectively reduced by increasing the data rate of the most vulnerable UEs.
However, SFR-2 can not provide enough constraints to always realize the better interference pattern. In a 2-cell scenario, the better pattern can be achieved by the chance of 50% via random resource allocation. In a 7-cell scenario, one central cell plus 6 surrounding cells, the chance of random allocation to realize the optimal pattern falls to (1/2) 6 = 1/64. In order to optimize the interference pattern, a multi-level soft frequency reuse is presented, as follows.
III. MULTI-LEVEL SOFT FREQUENCY REUSE
In a ML-SFR scheme, the whole frequency band is divided into N parts, on each of which a separate SFR-2 scheme with its specific γ is employed. Then there are totally 2N PDL levels in a ML-SFR scheme.
As discussed above, a further UE to the cell center expects greater transmit power and less interference. This can be achieved by paring the highest PDL with the lowest to form a SFR-2 scheme on one frequency part, paring the second highest with the second lowest, and so on. In Cell i, the PDLs of the primary and secondary bands of part n ∈ [1, N] are denoted as h
n respectively, their relationship can be expressed by
An example SFR-4 scheme is shown in Fig. 2 , with the notations having the same meaning as Fig. 1 . The SFR-4 is composed of two SFR-2, one of which is on B1+B2+B3 and the other is on B4+B5+B6, as shown in Fig. 2(a) . As shown in Fig. 2(b) , in Cell 1, B1 has the largest PDL with the minimum interference from Cell 2 and 3, covering the whole cell. B4 has the 2nd largest PDL with bigger interference than B1, resulting in a smaller coverage. B5, B6 and B2, B3 have even smaller PDLs, bigger interferences and smaller coverages. Situations in Cell 2 and 3 are similar to Cell 1. The PDL pattern in ML-SFR is a global solution, which requires a central node, generally the operation & maintenance (O&M) node, to perform the frequency planning. Moreover, inserting a new base station will cause the re-planning of the whole network. This is an important topic of the self organized network (SON) technology.
IV. RESOURCE ALLOCATION BASED ON MULTI-LEVEL SOFT FREQUENCY REUSE
Similar to SFR-2, ML-SFR also defines a network-level framework for resource allocation in each cell. Generally, a UE can be assigned the resources in the frequency band that covers it. However, we suggest allocating resources to a UE in the bands with the possible smallest coverage to optimize the system performances.
First of all, a coverage area is determined for each of the frequency bands according to their PDLs. The relationship between the PDL and coverage is an implementation problem which operators would optimize based on the realistic scenarios. Each UE reports its position to the base station and a list including the bands covering the UE is created. When allocating resources to a UE, the allocator search the band with the smallest coverage in the list for available resources. If there are not enough available resources, then search the band with the second smallest coverage, and so on, till enough resources are found or a negative conclusion is drawn.
Let us revisit the example in Fig. 1(b) assuming a SFR-4 scheme is used. Suppose f 1 and f 2 belong to the primary bands of Cell 1 and f 1 has a smaller PDL than f 2 , then according to the definition of ML-SFR, they belong to the secondary bands of Cell 2 and f 1 has a greater PDL than f 2 . If there is enough separation in distance between the UEs, a list including the bands with the coverage in ascending order could be established for each UE as in Table I . Then the resource assigned to each UE is the first frequency in the list, achieving the better interference pattern aforementioned.
From this example we can also learn the rationality of the suggested resource allocation methodology. If T11 is assigned f 2 with the larger coverage than f 1 , there will no resources left for T12 while f 1 is still spare.
ML-SFR and the suggested resource allocation methodology can be employed in any cellular systems without the need of standardization works. From the above discussions we can learn that UE's position is the only measurement needed by the base station to implement resource allocation based on ML-SFR, which has been already realized by all cellular systems to support the handover function. As a common practice, a UE measures the received power of a beacon signal send by the base station and reports it back as the indication of its distance to the base station. In LTE, the common reference signal (CRS) plays the role of the beacon signal. Then the base station can simply define the coverage of a band by a single value. If the UE's measurement is greater than this value, it is classified as within the coverage. With such an implementation, the coverage area will be influenced by such factors as antenna pattern and shadow fading in the realistic scenarios to be an irregular one.
V. DESIGN OF MULTI-LEVEL SOFT FREQUENCY REUSE
Since ML-SFR is composed of several SFR-2, we can investigate the performance of SFR-2 with respect to γ and UE position to choose the proper parameters for ML-SFR.
Consider a network including 13 cells with radius r shown in Fig. 3 , a UE denoted by the black dot is placed in Cell 0 and its position is limited on the straight line between the base station and point A, the intersection of Cell 0,1, and 6. Denote the distance between the UE and its serving base station as
where β 0 is a coefficient within (0,1]. We consider the SFR-2 scheme in downlink. Suppose p n be the transmit power density of the base station of Cell n in bandwidth B, expressed by
where N 0 is the power density of the white noise in the UE receiver. The power of noise in the UE receiver is Denote the distance between the base station of Cell n and the UE as d n and path loss model as L(d), then the received power of the UE from its serving cell is
the interference power from other cells is
According to the definition of SFR-2, if a band is the primary/ secondary band of Cell 0, it is also the primary/secondary band of Cell 7-12, and the secondary/primary band of Cell 1-6. So let
then
Suppose the intra-cell interference is effectively eliminated, as in the OFDM systems, according to Shannon's law of channel capacity, the maximum spectrum efficiency in a flat fading channel can be expressed as
which is a function of γ and β 0 . Fig. 4 for a flat fading channel. We can see the curves go down when γ increases due to the increase of inter cell interference, and the curve of a UE closer to the cell center occupies a higher position in the figure. This is consistent with the former analysis that a UE closer to the cell center can endure larger interference, so a larger γ is appropriate. The ML-SFR parameters may be dynamically optimized to adapt to the changing traffic distribution [12] . However, static and semi-static SFR algorithms are popular in practical applications due to complexity reasons. Clearly, more PDL levels make a more refined interference pattern, however breaking the resource into smaller pieces, inconvenient for the resource allocation signaling. As an example design for hexagonal cell in flat fading channel, we choose the ascending dashed line in Fig. 4 as a reference where the γ values for the four β 0 values read about −17 dB, −12.5 dB, −8 dB, −3 dB. Correspondingly, we can select N = 4 so there are totally 8 PDL levels to make a SFR-8 scheme. We normalize the PDL of each level by the maximum PDL to get the normalized gain. An arithmetic sequence in dB shown in Table IIis used for the normalized gain of each level to approximate the obtained γ values.
With the parameters in Table II , the spectrum efficiency as a function of β 0 of each level of SFR-8, together with those of SFR-2 and reuse 1 are depicted in Fig. 5 for a flat fading channel. The γ value for SFR-2 is chosen as −6 dB.
Consider the eight positions with β 0 = i/8,i = 1, 2, · · · , 8, an example resource allocation could be represented by the dots in Fig. 5 . For the reuse 1 scheme, high spectrum efficiency can be achieved in cell center, while at cell edge (β 0 = 1), it is only 0.51bps/Hz. SFR-2 improves the cell edge efficiency by 147% to 1.26bps/Hz, at the cost of decrease of efficiency in cell center. SFR-8 realizes a more flat curve and further increases the cell edge efficiency to 2.54bps/Hz, 5 times of that of reuse 1.
To achieve a fair comparison, we assume users are distributed on eight circles with β 0 = i/8,i = 1,2,· · ·,8, and require the sum data rate on each circle is same. For every scheme, we perform resource allocation to maximize this sum data rate. The result of resource allocation in percentage is shown in Table III . We can see 40.6% of resources are allocated to cell edge (β 0 = 1) users for reuse 1 due to the very low spectrum efficiency. With the improvement of cell edge efficiency, this percentage decreases to 18% for SFR-2 and 11.2% for SFR-8 and the overall spectrum efficiency is increased. With such resource allocation, the overall spectrum efficiency is 1.654 bps/Hz for reuse 1, while this value is 1.817 bps/Hz for SFR-2 and 2.168 bps/Hz for SFR-8, increased by 9.85% and 31% based on reuse 1, respectively.
VI. CONCLUSION
The proposed multi-level soft frequency reuse scheme is a generalization and refinement of SFR-2. ML-SFR and the suggested resource allocation methodology can achieve better interference pattern than SFR-2, further improving the celledge and overall spectrum efficiency. It can be used in the current LTE system and would be a candidate key technology for future 5G systems.
